INTRODUCTION
Acute promyelocytic leukemia (APL) is a subtype of acute myeloid leukemia (AML-M3), which is characterized by a specific chromosome translocation t(15;17) (q22;qll-12) and the expression of PML-RARα fusion protein (1-3). All-trans retinoic acid (ATRA) and arsenic trioxide have been successful in treating APL, but both drugs have limitations (4) (5) (6) . Thus, development of new therapeutic agents for APL is needed.
Selenium, an essential trace element possessing anticancer activity, can induce apoptosis in cancer cells (7) (8) (9) (10) . Our pioneering work has shown that 20 μM sodium selenite can induce apoptosis by activating the mitochondrial apoptosis pathway in NB4 cells (11, 12) . But the detailed mechanism remains unclear.
p53 is a well-known tumor suppressor and its anti-tumor activity is achieved primarily through the induction of apoptosis via the activation of a myriad of genes in the nucleus including Bax, Noxa and PUMA (13) . Recent evidence indicates that wild-type p53 and some transactivation-deficient mutants can directly signal the mitochondria to result in apoptosis in a transcription-independent manner (14) (15) (16) . Presently, we demonstrate that selenite induces p53 translocation to mitochondria and activates the mitochondrial apoptosis pathway. P38 mitogen activated protein kinase (MAPK) mediates the activation and mitochondrial targeting of p53.
RESULTS

Selenite induces ser15 phosphorylation and mitochondrial translocation of p53
Ser15 phosphorylation is essential for p53 to exert its pro-apoptotic effect (17, 18) . Western blotting was performed with specific anti-phospho-ser15-p53 and total p53 antibodies to determine whether p53 was activated by selenite. An increase in phospho-Ser15-p53 was detected at 6 h following selenite treatment, while no elevation of total p53 was observed (Fig. 1A) . We further examined the role of p53 in selenite-induced apoptosis. Pretreatment with 50 μM pifithrin-α (PFT), a specific p53 inhibitor (16, 19, 20) , protected cells against selenite-induced apoptosis (Fig. 1B) . These findings suggest that p53 plays a central role in selenite-induced NB4 cell apoptosis. Activation of p53 induces apoptosis through transcription-dependent and independent pathways. NB4 cells express a form of p53 that is incapable of binding DNA (21) . P53 may cause cell death by translocation to mitochondria and activation mitochondrial apoptosis pathway in transcription-independent manner. To confirm this, mitochondrial translocation of p53 was examined by immunofluorescent staining of NB4 cells http://bmbreports.org treated with selenite for 24 h, and labeling of mitochondria with mitotracker. Fig. 1C (merged image) demonstrates that an increased orange fluorescence occurred in NB4 cells treated with selenite, representing a co-localization of mitotracker and p53. This probably is indicative of translocation of p53 into mitochondria. Western blotting was further used to analyze subcellular localization of p53. Mitochondrial proteins were isolated from the cytosol of NB4 cells after selenite treatment for different times. As shown in Fig. 1D , a substantial amount of p53 translocated from the cytosol to mitochondria in response to selenite treatment for 12 h. These data provide evidence of p53 mitochondrial translocation after selenite treatment.
Inhibition of p53 prevents the accumulation of reactive oxygen species (ROS) and mitochondrial damage in response to selenite p53-mediated apoptosis is preceded by regulation of ROS generation (22, 23) . We studied the involvement of ROS in selenite-induced apoptosis using a dichlorofluorescin diacetate (DCFH-DA)-dependent assay for assessment of ROS level. Cells treated with 20 μM sodium selenite displayed a significant increase in intracellular ROS. Pretreatment with PFT significantly inhibited the increase of ROS induced by selenite ( Fig. 2A) , suggesting that p53 acts as one of the upstream regulators of ROS. Further study found that PFT prevented a pronounced reduction in mitochondrial membrane potential (Δψm) induced by selenite (Fig. 2B ). These results suggest that mitochondrial translocation of p53 mediates ROS accumulation and mitochondrial damage in selenite-induced NB4 cell apoptosis.
Selenite disrupts cellular calcium ion (Ca
2+ ) homeostasis in ROS-dependent manner
Disruption of cellular Ca 2＋ homeostasis has been reported to be a critical event in apoptosis (24, 25) . ROS are known to regulate intracellular Ca 2＋ homeostasis (26) . Appropriately, we investigated by flow cytometry whether selenite could disrupt cellular Ca 2＋ homeostasis using the Ca 2＋ sensitive dye http://bmbreports.org BMB reports ]c) within 4-6 h of selenite treatment and decreased with time (Fig. 3A) . To investigate whether the decreased [Ca 2＋ ]c was due to uptake by mitochondria, we further examined by fluorescence microscopy Fluo-3AM-loaded cells that were counter-stained with a mitotracker. Selenite treatment for 24 h decreased [Ca 2＋ ]c, but increased mitochondrial calcium ion concentration ([Ca   2＋ ]m) , which was evident as a yellowing of the mitochondria due to the merging of the green and red mitotrackers (Fig. 3B) . We then examined the association between ROS and Ca 2＋ homeostasis. Pretreatment with antioxidant 10 μM Mn(III) tetrakis(1-methyl-4-pyridyl) porphyrin pentachloride (MnTMPyP) could prevent the rise in [Ca 2＋ ]c induced by selenite treatment for 4 h (Fig. 3C) , supporting a role of ROS in regulating intracellular Ca 2＋ levels.
Inactivated p38 kinase blocks phosphorylation and mitochondrial translocation of p53 in response to selenite
MAPKs have been implicated in phosphorylation of human p53 at serine 15 (27, 28) . Selenite treatment causes a striking increase in p38 MAPK activation in a time-dependent manner (29) . To analyze the role of p38 in the regulation of p53-mediated apoptosis, SB203580, a specific inhibitor of p38 kinase, was used to detect the effect of p38 on selenite-induced Ser 15 phosphorylation and mitochondrial translocation of p53. SB203580 (10 μM) significantly inhibited p53 phosphorylation at serine 15 but had no effect on the total p53 level (Fig. 4A ).
Further study found that SB203580 also inhibited selenite-induced p53 mitochondrial translocation (Fig. 4B) . These data reveal the important role of p38 kinase in the signaling pathway leading to phosphorylation of p53 at Ser 15 and mitochondrial translocation.
DISCUSSION
The tumor suppressor p53 can induce apoptosis by activating gene expression in the nucleus, or by directly permeabilizing mitochondria in the cytoplasm (13) (14) (15) . In the present study, selenite induced an increase in p53 phosphorylation at Ser 15, and cell death could be prevented by the p53 inhibitor PFT. These findings suggest that p53 plays a central role in selenite-induced cell apoptosis. NB4 cells express a mutant form of p53 that is incapable of binding DNA (21) . Immunofluorescent staining and Western blot analysis revealed p53 mitochondrial translocation after selenite treatment. This evidence suggests that p53 contributes to apoptosis by directing signaling at the mitochondria in vitro. PFT blocked selenite-induced accumulation of ROS and loss of Δψm, suggesting that mitochondrial p53 translocation acts as an upstream signal of the accumu-http://bmbreports.org lation of ROS and activates the mitochondrial apoptosis pathway. Although our study demonstrates the important role p53 plays in selenite-induced the accumulation of ROS and mitochondrial damage, it is likely that the inhibitor PFT may have an off-target effect. Thus, it is imperative that additional strategies such as small interfering RNA (siRNA) be used to support our hypothesis. In this regard, a recent study has also demonstrated that transfection of p53 siRNA decreases superoxide production by selenite in LNCaP cells (22) . Thus, it is reasonable to infer that p53 acts as an upstream signal of the accumulation of ROS. Further studies will be needed to investigate whether p53 regulates ROS accumulation by interacting with manganese superoxide dismutase (MnSOD) in mitochondria and inhibiting MnSOD superoxide scavenging activity. High levels of ROS can be an effective inducer of cell apoptosis, likely through regulation of cellular Ca 2＋ homeostasis. Disruption of this homeostasis is a critical event in apoptosis (24, 25, 30) . It has been suggested that close contacts exist between mitochondria and the endoplasmic reticulum (ER), such that ER Ca 2＋ release leads to rapid rise in [Ca 2＋ ]c , which subsequently accumulates in mitochondria and promotes the loss of Δψm (31, 32) . Presently, we observed a rapid increase in These results provide evidence for a role of the mitochondrial p53 signaling pathway in selenite-induced cell apoptosis. However, it is still unknown how p53 is activated and then translocated to mitochondria after cells are exposed to selenite. To approach this, we further investigated the mechanism of activation and mitochondrial translocation of p53 to initiate apoptosis. Phosphorylation of p53 at Ser 15 plays a critical role in p53 activation and induction of apoptosis. Therefore, identifying the kinase that phosphorylates Ser 15 will help to delineate the signaling cascade leading to functional activation of p53. MAPK represent a family of Ser/Thr protein kinases, comprised of three distinct components: extracellular signal-regulated kinases, c-Jun N-terminal kinases, and p38 kinase. A previous study has shown that sodium selenite treatment markedly increases p38 MAPK activation (29) . Specific inhibitors of p38 kinase significantly inhibite p53 phosphorylation and mitochondrial translocation induced by selenite. These data provide a mechanism by which p38 kinase-mediated phosphorylation of p53 leads to its activation prior to mitochondrial translocation and induction of apoptosis upon exposure to selenite.
In conclusion, our results demonstrate that p38 kinase-mediated phosphorylation of p53 leads to its translocation to mitochondria, where p53 mediated ROS accumulation. ROS in turn disrupts cellular Ca 2＋ homeostasis and leads to the loss of Δψm.
MATERIALS AND METHODS
Reagents and antibodies
Sodium selenite was purchased from Sigma-Aldrich (St. Louis, MO). Pifithrin-α and MnTMPyP were purchased from Calbiochem (San Diego, CA). SB203580 was purchased from Promega (Madison, WI). Anti-phospho-p53 (Ser15) antibodies was purchased from Cell Signaling Technology (Danvers, MA), antip53 was purchased from Wuhan Boster Biological Technology (Wuhan, China), and anti-β-actin was purchased from SigmaAldrich. ROS detection kit and Fluo-3AM were purchased from Beyotime Company (Jiangsu, China).
Cell culture
NB4 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL streptomycin at 37 o C in a humidified atmosphere of 5% CO2.
Cell lysis and Western blot analysis
Approximately 1 × 10 7 cells were collected, washed twice with ice-cold phosphate buffered saline (PBS), and lysed in Cell Lysis RIPA Buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerolphosphate, 1 mM Na3VO4, 1 μg/ml leupeptin, 1 mM PMSF) for 5 min on ice and then subjected to sonication for 20 s. The lysate was centrifuged at 12,000 g for 10 min at 4 o C. The supernatant was collected and the protein concentration was determined by the Bradford assay. Equal amounts of protein were separated by 12% or 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, depending on the protein of interest, and transferred onto nitrocellulose membranes. The membranes were blocked with Tris buffered saline-Tween-20 (TBST) containing 5% non-fat milk and incubated with primary antibodies overnight at 4 o C. After washing with TBST, membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 60 min at room temperature. After a second round of washing with TBST, the blots were probed with an enhanced chemiluminescence system.
Mitochondria fractionation
Approximately 1 × 10 7 cells were washed with ice-cold PBS and resuspended in isotonic mitochondrial extraction buffer (Applygen Technologies, Beijing, China), homogenized with a homogenizer operating for 30 bursts in the ice, then centrifuged at 800 g for 5 min to pellet the nuclei and unbroken cells. The supernatant was centrifuged at 13,000 g for 10 min to pellet the mitochondria and the resulting supernatant represented the cytosolic fraction. Mitochondria were washed with mitochondrial buffer twice and resuspended in cell lysis buffer RIPA to obtain the mitochondrial protein. http://bmbreports.org BMB reports
Immunofluorescent staining
Cells (3.5 × 10 5 ) were seeded in 6-well cell culture plates in 2 ml culture medium and treated with 20 μM sodium selenite for about 6 h, then incubated with 100 nM MitoTracker (Invitrogen, Carlsbad, CA) for 18 h. After washing three times with ice-cold PBS, the cells were transferred to the slides, fixed in 4% formaldehyde for 30 min, permeabilized with 1% Triton X-100 for 10 min at room temperature, incubated with a 1:100 dilution of monoclonal anti-p53 antibody at 4 o C overnight, and then incubated with a 1:100 dilution of anti-mouse IgGfluorescein isothiocyanate (FITC) for 1 h at 37 o C. After a second round of washing with PBS, the slides were mounted with a 90% glycerol medium. Images were immediately observed and captured using a TE2000-U Nikon Eclipse microscope (Nikon, Tokyo, Japan) operating at 60x magnification.
ROS measurement
Cells in 6-well culture plates were incubated with or without 50 μM pifithrin-α for 1. 
Measurement of free cytosolic calcium
Cells in 6-well culture plates were subjected to sodium selenite treatment for 4 h, 6 h, 12 h, and 24 h. The cells were collected, washed twice with ice-cold PBS, and incubated with 4 μM Fluo-3AM at 37 o C for 20 min. The cells were washed three times with PBS to remove the residual dye and analyzed immediately for Fluo-3AM fluorescence at 530 nm by flow cytometry. To localize mitochondria, cells were incubated with 100 nM MitoTracker for 18 h then loaded with Fluo-3AM for 20 min and visualized using fluorescence microscopy.
Mitochondrial membrane potential (Δψm)
Approximately 1 × 10 6 cells were collected, washed twice with ice-cold PBS, and incubated in 1 ml staining solution (PBS containing 10 μg/ml Rh123) for 30 min in the dark at 37 o C. Then, after rinsing with PBS, cells were resuspended in 0.5 ml PBS. The fluorescent intensities of Rh123 were determined by EPICS Ⓡ XL-MCL flow cytometry (Beckman Coulter, Fullerton, CA).
Apoptosis assay
Approximately 1 × 10 6 cells were collected, washed twice with ice-cold PBS, and fixed with 70% ethanol at 4 o C overnight. The cells were then collected by centrifugation and resuspended in 0.5 ml PBS containing 50 μg/ml RNase A. The mixture was incubated at 37 o C for 30 min, and then kept on ice to stop the reaction. A solution of propidium iodide solution was then added to achieve a final concentration of 50 μg/ml, and cells were stained for at least 30 min on ice in the dark. The resultant cell suspension was then subjected to flow cytometry analysis.
Statistical analysis
Data were analyzed by ANOVA analysis with Students t test. A value of P ＜ 0.05 was considered statistical significance.
